Cloning and sequencing of the circular, single-stranded DNA of one isolate of psittacine beak and feather disease virus (BFDV) demonstrate a genome composed of a circular molecule of 1993 nucleotide bases. An analysis of the assembled replicative form demonstrated seven open reading frames (ORFs) (three in the virion strand and four in the complementary strand), potentially encoding seven viral proteins of Ͼ8.7 kDa. High amino acid sequence similarity was demonstrated between a potential 33.3-kDa protein product of ORF1 of BFDV and the replicase-associated protein of porcine circovirus (PCV), subterranean clover stunt virus, and faba bean necrotic yellows virus. However, significant similarity in nucleotide or amino acid sequences was not present between BFDV and chicken anaemia virus. A potential stem±loop structure similar to that found in PCV and plant circoviruses was present in the putative encapsidated strand of the BFDV genome. At the top of this structure, a nonanucleotide motif (TAGTATTAC) similar to that of PCV, plant circoviruses, and geminiviruses also was recognised. Comparison of the deduced amino acid sequences of ORF2 of BFDV and PCV demonstrated 29.1% identity, and in both viruses, ORF2 is located on the complementary strand, beginning close to or within the hairpin stem. Our findings provide further evidence of a close relationship among BFDV, PCV, and plant circoviruses but not chicken anaemia virus.
INTRODUCTION
Psittacine beak and feather disease (PBFD) is the most commonly recognised viral disease of wild and captive Psittaciformes in Australia (Pass and Perry, 1984) , and the disease is common in captive psittacine birds in other countries. In most species, the disease is characterised by chronic progressive, symmetrical feather dystrophy and occasional beak deformity (Pass and Perry, 1984) . The causative agent of the disease, PBFD virus (BFDV), is nonenveloped with isometric or spherical symmetry and is 14±16 nm in diameter with a circular singlestranded DNA (ssDNA) genome of Ͻ2 kb (Ritchie et al., 1989) . Three BFDV proteins with approximate molecular masses of 26.3, 23.7, and 15.9 kDa have been reported (Ritchie et al., 1989) .
Efforts to propagate BFDV in vitro have not been successful (Pass and Perry, 1985) , and this has frustrated research into the molecular genetics of the virus. However, based on the size of the virion and nucleic acid characteristics, BFDV, along with chicken anaemia virus (CAV) and porcine circovirus (PCV), have been tentatively placed in the Circoviridae family (Lukert et al., 1995; Studdert, 1993) , in which plant circoviruses such as subterranean clover stunt virus (SCSV), banana bunchy top virus (BBTV), and coconut foliar decay virus (CFDV) have also been considered to be unassigned members (Lukert et al., 1995) . The DNA sequence of the BFDV genome has not been determined, and this information is important for defining the phylogenetic relationship among the animal and plant circoviruses. We report an analysis of the complete nucleotide (nt) sequence of the genome of one isolate of BFDV and discuss its relationship with PCV, CAV, and the plant circoviruses.
RESULTS
Cloning, sequencing, and computer analysis of PCR products PCR primer sets AЈ/AЈЈ and BЈ/BЈЈ amplified a 368-bp segment and a 1664-bp segment, respectively, from peripheral blood mononuclear cells (PBMCs) of the PBFD-affected cockatoo but did not amplify any product from the PBMCs of a healthy cockatoo, six galahs, a chicken, and a pigeon. The nt sequence analysis of cloned segments revealed paired overlapping ends, indicating a circular molecule of 1993 nt. This sequence is depicted as a linearised molecule in Figure 1 . Analysis of sequence data demonstrated seven potential open reading frames (ORFs) in the putative replicative form (Fig. 2) . A sequence potentially able to form a hairpin structure was detected at nt 1976± 1993 and 1±12 (Fig. 2B) . A nonanucleotide motif (TAGTAT-TAC) with a sequence similar to that of PCV, plant circoviruses, and geminiviruses was demonstrated at the top of this structure (Fig. 2C) . Accordingly, the convention of numbering the nt was adopted from that used for geminiviruses (Tan et al., 1995) and PCV (Meehan et al., 1997) in which the ªAº residue immediately downstream of the putative nick site in the nonanucleotide motif was designated nt position 1 (Tan et al., 1995) . There was a repeated octanucleotide motif (GGGCACCG) immediately downstream of the hairpin structure (Fig. 2B) .
The seven ORFs demonstrated in the replicative form potentially encode seven proteins of Ͼ8.7 kDa. The respective nt length and size of predicted proteins of these ORFs were 867 nt and 33.3 kDa for ORF1, 741 nt and 28.9 kDa for ORF2, 480 nt and 17.7 kDa for ORF3, 318 nt and 11.2 kDa for ORF4, 303 nt and 10.7 kDa for ORF5, 264 nt and 9.7 kDa for ORF6, and 258 nt and 8.7 kDa for ORF7. Except for ORF2, which had a start codon of CTG, the start codon for all other ORFs was AUG. The position and orientation of each potential ORF are shown in Figure 2A . In the virion strand, two potential TATA boxed were detected (Fig. 1) . The first (TATA) was present at nt 86±89, 45 bp upstream of the start codon of ORF1. The second (TATAAAA) was present at nt 680±686. Two potential polyadenylation signals (Fig. 1) were present at nt 1019± 1024 (CATAAA) and 1196±1201(AATAAA) of the virion strand, respectively, ϳ22 and ϳ198 nt positions downstream of the stop codon for ORF1. A polyadenylation signal was also present in the complementary strand at nt 758±763 (AATAAA), 1 nt downstream of the stop codon for ORF2.
FIG. 1.
The nt sequence of the encapsidated BFDV genome containing a potential stem±loop sequence (underlined) encompassing a nonanucleotide sequence (bold). The largest ORF (ORF1) is boxed and potentially encodes a replicase-associated (Rep) protein (see Fig. 3 ) similar to the Rep proteins of other circoviruses and geminiviruses. Two potential TATA boxes were detected; the first (TATA) at nt 86±89, and the second (TATAAAA) at nt 680±686. Two potential polyadenylation signals at nt 1019±1024 (CATAAA) and 1196±1201 (AATAAA) are also shown (bold). A third polyadenylation signal (AATAAA) was present in the complementary strand at nt 1236±1231 (not shown). Y represents A or G; R represents G or T; and Z represents C or T, respectively.
Computer analysis of the amino acid sequence predicted the putative product of ORF1 (Fig. 3) would have a size of 33.3 kDa. There was marked similarity in the amino acid sequence of the putative product of the ORF1 of BFDV with the amino acid sequence of the Rep proteins of PCV and the plant circoviruses BBTV, CFDV, SCSV, and FBNYV (Table 1 ). There also was 29.1% identity demonstrated (Fig. 4) between the amino acid sequence of the putative product of ORF2 of BFDV and ORF2 of PCV (Meehan et al., 1997) . Apart from this, there was no significant similarity in the nt or amino acid sequences of ORFs 3±7 of BFDV with other ORFs of PCV (Meehan et al., 1997) or with the ORFs of plant circoviruses, including the coat protein genes of BBTV , SCSV (Boevink et al., 1995) , and FBNYV (Katul et al., 1995 (Katul et al., , 1997 . There also was no significant similarity in the nt or amino acid sequence of BFDV and CAV.
DISCUSSION
The data presented here confirm previous research that demonstrated BFDV contained a circular ssDNA genome of Ͻ2 kb (Ritchie et al., 1989) . Based on the similarity of the sequence we describe with the reported sequences of PCV and plant cicoviruses (Table 1, Figs. 2C and 3B), it is likely that the nt sequence presented here represents the encapsidated ssDNA strand of the virus. A hairpin loop located upstream in relation to ORF1, the putative Rep protein gene of BFDV (Fig. 2) , was similar to a loop structure found in the genomes of PCV, plant circoviruses, and geminiviruses. This and other features of the genome were most closely related to PCV. Like PCV (Meehan et al., 1997) , BFDV contained seven major ORFs and lacked a distinctive noncoding region, thus affording highly efficient use of genetic material in both of these viruses. Both viruses have three ORFs in the encapsidated strand and four ORFs in the complementary strand of the replicative form. The putative protein products of ORF2 or BFDV and PCV shared 29.1% amino acid sequence identity (Fig. 4) , and in both viruses, ORF2 is located on the complementary strand and begins close to or within the hairpin stem ( Fig. 2A ) (Meehan et al., 1997) . These features indicate that the proteins coded for by ORF2 of BFDV and PCV may have similar functions. The ORF3s of both BFDV and PCV also are located in similar positions on the complementary strand, respectively, although like the remaining four smaller ORFs, they shared no amino acid sequence identity.
Previous research into the relationships among the proposed animal circoviruses did not detect antigenic cross-reactivity or DNA cross-hybridization among BFDV, CAV, and PCV (Todd et al., 1991) . Although genetic analysis of BFDV was not reported, it was suggested by Meehan et al. (1997) and Mankertz et al. (1997) that CAV was sufficiently different from BFDV, PCV, and plant cir- (Meehan et al., 1997) , CFDV (accession No. M29963) (Rohde et al., 1995) , FBNYV (accession No. Y11405) (Katul et al., 1997) , SCSV (accession No. U16731) (Boevink et al., 1995) , BBTV-Taiwanese isolate (BBTV-T; accession No. L32166) (Wu et al., 1994) coviruses to warrant revision of its position within the Circoviridae family. There is similarity between PCV and BFDV in terms of both particle and genome sizes and morphology, but important physicochemical differences exist between these two viruses and CAV (Todd et al., 1991) . A comparison of nucleic and amino acid sequences of PCV (Mankertz et al., 1990 , Meehan et al., 1997 and CAV (Todd et al., 1993) has failed to demonstrate any significant similarity between these two viruses, and a noncoding region present in CAV (Classens et al., 1991) is not present in PCV (Meehan et al., 1997) .
Sequence analysis has revealed similarity between the products of the Rep protein genes of PCV and the plant circoviruses BBTV, CFDV, and SCSV (Meehan et al., 1997) that was not detectable with CAV (Meehan et al., 1997; Mankertz et al., 1997) . The nt sequence analysis of FBNYV also showed significant similarity between the potential protein encoded by component 1 ORF with the ORF1 product of PCV and plant circoviruses (Katul et al., 1997) . Our results confirm the similarity of the genome of BFDV with that of PCV and the plant circoviruses and the differences between BFDV and CAV. This supports the suggestion that BFDV should be classified together with PCV and the plant circoviruses and separately from CAV (Noteborn and Koch, 1995; Meehan et al., 1997) .
The nature of the stem±loop structure we detected in BFDV is also evidence for a relationship among BFDV, PCV, the plant circoviruses, and geminiviruses. These viruses have similar stem±loop structures and an evolutionary conserved nonanucleotide motif at the apex of the stem±loop that is necessary for replication (Mankertz et al., 1997; Dale et al., 1997; Orozco et al., 1996) . In geminiviruses, the nonanucleotide motif is an essential cis-acting element that is required for DNA replication (Lararowitz et al., 1992; Revington et al., 1989) . A nonanucleotide motif (TACTATTCC), with a 2-nt difference with BFDV, PCV, and the plant circoviruses (Fig. 2C) , also is present in CAV but is not associated with a hairpin structure (Classens et al., 1991; Noteborn and Koch, 1995) .
A rolling-circle replication (RCR) mechanism with separate leading-and lagging-strand DNA synthesis steps is used for geminivirus replication, in which sites of initiation and termination of the replication of the plus strand have been mapped to a conserved nonanucleotide motif present in all geminiviruses (Heyraud et al., Figure 1 using the MacVector 3.5 sequence analysis software. The sequence is similar to the Rep proteins of porcine and plant circoviruses (see Table 1 Boevink et al., 1995) , CFDV (accession No. M29963), and SCSV (accession No. U16731) using the PILEUP program (Feng and Doolittle, 1987) through the service provided by ANGIS. Motifs indicated by I, II, and III are three typical domains (bold letters) involved in RCR, and bold letters in motif IV indicate the nt-binding site.
1993; Stenger et al., 1991) . During RCR, the virion sense DNA is nicked between nt 7 and 8 of the nonanucleotide (TAATATT-AC) motif (Heyraud-Nitschke et al., 1995; Laufs et al., 1995; Stanley, 1995) . A similar mechanism of replication probably occurs in the plant and animal circovirus group (Mankertz et al., 1997; Meehan et al., 1997) . Demonstration of specific binding of the Rep protein of BBTV to the loop sequence of the virus and its ability to nick and ligate within the nonanucleotide loop sequence also is strong evidence for an RCR mechanism in BBTV replication . In this regard, comparison of the Rep proteins of PCV, SCSV, CFDV, FBNYV and BBTV, and TGMV and maize streak virus (MSV) (two representatives of subgroup I and II geminiviruses) has revealed significant homology around a conserved nt binding motif (Boevink et al., 1995; Mankertz et al., 1997) and three motifs typically found associated with Rep proteins involved in RCR of geminiviruses (Koonin and Ilynia, 1993) . Our results (Fig. 3B) demonstrate that the putative Rep protein of BFDV also contains such motifs. The presence of similar structures and motifs in the genome of BFDV and PCV, plant circoviruses, and geminiviruses suggests that BFDV replicates by a similar RCR mechanism to that used by these viruses.
The mechanism of CAV replication (Noteborn and Koch, 1995) is different from that proposed for PCV and the other related viruses (Mankertz et al., 1997) . There are differences in the location of the hairpin structure and the nonanucleotide motif of CAV and other circoviruses: the hairpin structure in CAV is located 4 nt downstream of the stop codon for a major ORF (Classens et al., 1991) ; in contrast to BFDV, PCV, and plant circoviruses, the top of this structure lacks a nonanucleotide motif. Instead, the nonanucleotide motif of CAV (Noteborn and Koch, 1995) is located 100 nt downstream of the hairpin structure (Classens et al., 1991) . CAV replicates via a circular double-stranded replicative form and an unspliced polycistronic mRNA molecule that contains three partially overlapping genes, each with its own start and stop codons (Noteborn and Koch, 1995) . This is different from the pattern of transcription of the plant circoviruses, geminiviruses and PCV, and attempts to demonstrate RCR in CAV were unsuccessful (Todd et al., 1996) .
MATERIALS AND METHODS
BFDV DNA isolation and purification BFDV was purified from a pool of feathers from five PBFD-affected cockatoos as described by Ritchie et al. (1989) and had a titer of 1:327,680 by haemagglutination assay (Raidal et al., 1993) . The purified BFDV suspension was treated with RQ1 RNase-Free DNase (Promega); sodium dodecyl sulfate was added to a final volume of 1%; and DNA was extracted once with phenol, pH 8.0 (Sigma), and twice with chloroform±isoamyl alcohol (24:1) (Sigma) and precipitated with ethanol and treated with RNase A (Promega). When this product was electrophoresed through PhastGel gradient media (PhastSystem; Pharmacia Biotech) and silver stain (PhastGel DNA Silver Staining Kit; Pharmacia Biotech), it produced a single band, indicating minimal genomic contamination.
Conversion of BFDV ssDNA to double-stranded DNA and cloning Purified BFDV ssDNA was converted to doublestranded DNA (dsDNA) using Prime-a-Gene Labelling System (Promega) and was detected as a smear of Ͻ600 bp when electrophoresed onto an agarose gel. The dsDNA was digested with mung bean nuclease (Promega) to create blunt-ended dsDNA fragments, which were cloned into Smal-digested pUC18 plasmid (Readyto-go pUC18 Smal/BAPϩ Ligase Kit; Pharmacia Biotech) and transformed into Escherichia coli, strain XL1-Blue Mankertz et al., (1998) . c Meehan et al., (1997) Katul et al., (1995) (GenBank accession No. U16731, U16735). k Katul et al., (1997) (GenBank accession No. X80879) . l Katul et al., (1997) (GenBank accession No. Y11405) . m Boevink et al., (1995) . n Stenger et al., (1990) competent cells (Inoue et al., 1990) . Transformed clones were selected on ampicillin (500 g/ml) and X-Gal plates (Sambrook et al., 1989) , and potential recombinant clones were screened by polymerase chain reaction (PCR) using M13 forward and reverse primers (PerkinElmer). Twenty clones containing inserts were amplified in LB liquid culture (Sambrook et al., 1989) , and recombinant plasmids were isolated using the Wizard Plus Miniprep DNA Purification System (Promega). With M13 forward and reverse primers, the inserts were sequenced with the use of ABI PRISM DYE Terminator cycle sequencing kits (Perkin-Elmer) on the Applied Biosystems 373A DNA sequencing system (Perkin-Elmer) and ranged from 39 to 193 bp in length. Sequence data were checked for similarity with other viruses, vectors, and eucaryotes in GenBank and EMBL databases provided by the Australian National Genomic Information Service (ANGIS).
Preparation of BFDV replicative form from PBMCs
A 3-ml blood sample that was placed into EDTA was collected from a PBFD-affected sulfur crested cockatoo (Cacatua galerita), a normal sulfur crested cockatoo, six normal galahs (Eolophus roseicapillus), a chicken (Gallus gallus), and a pigeon (Columba livia). PBMCs were separated by centrifugation on Histopaque (Sigma) and washed three times in PBS, pH 7.6. The cells were resuspended at 4 ϫ 10 6 cells/ml in PCR lysing buffer (50 mM KCl, 10 mM Tris±HCl, pH 8.3, 2.5 mM MgCl 2 , 0.5% Tween 20, 0.5% Nonidet P-40, and 250 g/ml Proteinase K) and incubated at 45°C for 1 h, followed by enzyme inactivation at 95°C for 10 min (Manak, 1993) .
PCR amplification, cloning, and sequencing of BFDV replicative form from PBMCs
Based on sequence data obtained from the blunt-end cloning described above, various PCR primers were designed to amplify by PCR (Definitive Tth Plus PCR Kit; Biotech International) longer segments of the replicative form present in the PBMC extracts. One set of these primers amplified a 495-bp product that was cloned in pCR 2.1 plasmid using a TA Cloning Vector kit (InVitrogen). Potential recombinant clones were selected as mentioned above, screened by PCR using M13 forward and reverse primers (Perkin-Elmer), and sequenced as described above. Based on the sequence of this 495-bp product, two sets of PCR primers (AЈ-TGGTACAAGGAG-GACTGTGAC, nt 878±898/AЈЈ-CCAGCACTTAATAAACA-CTCAG, nt 1224±1245; and BЈ-GTCTTTATTAAGTGCTGGGA, nt 1228±1247/BЈЈ-GTCACAGTCCTGGTTGTACC, nt 879±898) were designed to amplify expected products of 368 bp and the remainder of the circular BFDV genome, respectively. Direct PCR sequencing was performed in duplicate in both directions on PCR products generated. PCR products also were cloned into pCR 2. 1 using a TA Cloning Vector kit (InVitrogen), and recombinant clones were identified and similarly sequenced in duplicate in both directions.
Computer analysis of sequence data
The nt sequence of the BFDV genome was analyzed using the sequence editor program SeqEd Version 1.0.3 (Applied Biosystems). Database searches were performed in nonredundant nucleic (NR Nucleic) and protein (NR proteins) databases at ANGIS using BLAST (Altschul et al., 1990) and FASTA (Pearson and Lipman, 1988) programs. Putative BFDV ORFs were identified using MacVector (MacVector 3.5 of ABI sequence analysis software) and numbered according to their size. Sequences and accession numbers of other viruses retrieved for comparison for GenBank and EMBL are included in Table 1 and Figures 2 and 3. 
